ABSTRACT: The huge use of heating utilities is one of the main drawbacks associated with the azeotropic separation process for the bioethanol production. In this context, process integration through heat exchanger networks can be used to integrate the involved streams; however, the main problem in this scheme is that the streams that require cooling are at lower temperature that the ones that require heating, yielding very small opportunities for energy integration. Recently, the organic Rankine cycle has been proposed as an alternative for waste heat (i.e., heat at low temperature) recovery producing electric power. Therefore, in this paper is presented an optimization study for the energy integration in the azeotropic bioethanol separation process involving energy integration through heat exchanger networks incorporated into an organic Rankine cycle. A proper optimization approach is proposed to yield the solution with the minimum separation cost. Several separation sequences are used to demonstrate that incorporation of the organic Rankine cycle to energy integration in bioethanol production yields significant economic benefits. Furthermore, this integrated scheme improves the energy efficiency for the waste heat recovery, making more attractive the use of bioethanol.
■ INTRODUCTION
Decreasing greenhouse gas emissions (GHGE) has become an important global issue because the effects of climate change have negatively affected the whole world. The main source of GHGE is the use fossil fuels for heating, electricity generation, and transportation. One alternative to reduce these emissions is to substitute totally or partially fossil fuels with bioethanol, 1, 2 which is obtained from renewable resources. Furthermore, bioethanol can be implemented easily in the existing infrastructure and can substitute for methyl tert-butyl ether (MTBE) as an octane enhancer in gasoline engines. 3 Nowadays, the largest bioethanol producer in the world is the United States, where bioethanol is produced mainly from corn, 4 followed by Brazil, where the feedstock is sugar cane. 5 However, the current methods for producing bioethanol (see Figure 1 ) use large amounts of energy in the separation process associated with the ethanol−water azeotropic mixture (because the ethanol− gasoline blend has low water tolerance). 6−8 Traditionally, the separation of the ethanol−water mixture is carried out through azeotropic distillation using benzene, pentane, or diethyl ether as solvent; another alternative is extractive distillation using ethylene glycol or gasoline. 9, 10 Furthermore, these technologies involve large capital and operating costs. 7,8,11−15 In addition, bioreactors usually yield low concentrations of bioethanol, 16, 17 and huge utilities are required in the process (i.e., electricity, steam, and cooling water). For these reasons, until now bioethanol has not been yet economically competitive with respect to fossil fuels.
The azeotropic distillation process for the bioethanol−water mixture has associated several hot streams that require cooling and cold streams that require heating ( Figure 1 ). 6−10 In this context, energy integration through heat exchanger networks can be an attractive solution for reducing the external energy consumption in the separation process. 18−25 Therefore, recently Vazquez-Ojeda et al. 26 proposed integrating energetically the process streams involved in the bioethanol separation process through the SYNHEAT model. 27−31 The main problem with this previous approach is that in the bioethanol separation process the hot streams are at low temperature, which decreases drastically the possibility of using these streams to heat the cold process streams that are at higher temperatures. In the approach by Vaźquez-Ojeda et al. 26 the integrated energy is low and so the reduction in the consumption of utilities. On the other hand, recently the organic Rankine cycle (ORC) has been proposed to recover waste heat and produce electric power; this unit is similar to the steam Rankine cycle (SRC), but it uses a refrigerant as working fluid. 32−36 Desai and Bandyopadhyay 37 have proposed integrating an ORC to a heat exchanger network (HEN) for waste heat recovery, and then Hipoĺito-Valencia et al. 38−40 proposed superstructures and mathematical programming models for waste heat recovery through ORC in the synthesis of HEN. These approaches have shown that the ORC is able to recover a significant amount of waste heat, producing electric power and yielding significant economic improvements. Therefore, this paper proposes the use of an ORC integrated to HEN for energy integration during the bioethanol separation process. In this way, several optimized separation sequences using different solvents and configurations 26, 41 are integrated energetically involving the use of an ORC and using a new method for the energy integration.
■ OPTIMIZATION METHODOLOGY
The implemented approach can be stated as follows: bioethanol separation processes designed previously and reported in the literature have been taken (in this case were considered the sequences reported by Vaźquez-Ojeda et al., 41 where the operating conditions were optimized using evolutionary algorithms, and the sequences reported by Segovia-Hernandez et al. 42 ). From these designs are identified their hot and cold process streams as well as the flow rates, temperatures, and physical properties; these streams are then incorporated to the superstructure reported by Hipoĺito-Valencia et al., 38 which includes an ORC to recover waste heat and produce electric power (HEN-ORC model). The superstructure is divided in stages (the number of stages corresponds to the maximum number of hot or cold process streams), and in each stage is allowed the heat exchange between any pair of hot and cold process streams (allowing in this way series, parallel, and seriesparallel arrangements). The superstructure also has two major zones: a high-temperature zone in which there is heat exchange (i.e., process-to-process heat-exchange zone) and a lowtemperature zone that considers the integration of the ORC into the process to generate shaft work. In this context, for the hot process streams there are potential heat exchangers that transfer waste heat from the HEN to run the organic Rankine cycle (evaporators), and in the cold process streams also there are potential heat exchangers that receive heat at low temperature from the condenser of the ORC (condensers).
The remaining heat exiting from the ORC is removed using cooling utilities. To satisfy the utility demands, there are considered at the cold and hot extremes of the superstructure auxiliary cooling and heating, respectively. The existences for the exchangers are optimized through binary variables. The temperatures for the process streams through the superstructure are optimization variables (continuous variables), and only a limit for the temperature difference for any match in the superstructure is imposed as ΔT min = 1°C (it should be noted that this ΔT min is just a lower limit, but the optimization process accounting simultaneously for the capital and operating costs must determine the optimal temperature differences for each match). This limit is just a feasibility constraint, but this does not fix the heat recovered; the model by Hipoĺito-Valencia et al. 38 minimizes the total annual cost accounting simultaneously for the utility costs and capital costs for equipment of the HEN and ORC (turbine, pump, regenerator, evaporators, and condensers) as well as the revenue from the sale of the power produced by the ORC.
The HEN-ORC model by Hipoĺito-Valencia et al. 38 includes overall energy balances for each stream, energy balances for each stage of the superstructure, energy balances for the hot and cold utilities, energy balances for evaporators and condensers in the ORC, temperature feasibility constraints, logical relationships to determine the existence of the units required, temperature differences for the heat transfer units when these exist, energy balances for the ORC, and the objective function. This model is formulated as a mixed integer nonlinear programming (MINLP) optimization problem, and this was coded in the GAMS software. 43 
■ CASE STUDY
The first example corresponds to the bioethanol azeotropic distillation process taking into account a solution without energy integration (WEIS); then the cases when the energy integration through the SYNHEAT and the HEN-ORC models are considered. The second example considers the configurations for the azeotropic distillation obtained by Vaźquez-Ojeda et al., 26 where there are reported conventional separation sequences (CSS) and optional separation sequences (OSS), which are energetically integrated considering the proposed scheme involving the HEN-ORC system. Moreover, Vaźquez-Ojeda et al. 26 also presented the energy integration with the SYNHEAT model, to which these solutions also are incorporated in the HEN-ORC model. For the first example, cooling water at 29−39°C was considered the cooling utility, whereas steam at 300°C was considered the heating utility. For the second example, the cooling utility is at 18−32°C, whereas the steam is at 300−250°C. The unit steam price is U.S.$0.024012/kWh, the unit electric power cost is U.S. $0.065/kWh, and the unit cost for the electricity for the pump is U.S.$0.08/kWh, the unit cooling water cost is U.S. $1.2744 × 10 −3 /kWh. The working fluid in the ORC is R245fa, and the efficiency factors for ORC, pump of the ORC, and regenerator are 0.144, 0.05, and 0.04, respectively. ΔT min = 1°C, and the operation time for the plant is 8000 h/year. The economic information used is shown in Table 1 , and the data for the involved streams are shown in Table 2 .
Example 1. Figure 2 shows the following separation sequences without energy integration: (a) intensified extractive distillation sequence with dividing wall column and vapor side stream (DWC); (b) conventional extractive distillation sequence (CED); and (c) intensified extractive distillation sequence with vapor side stream (SVS). The streams that require heating and cooling are identified from these figures; then, the SYNHEAT model and the proposed HEN-ORC model are considered to integrate these streams. This way, Figure 3 presents the optimal designs using the SYNHEAT model to integrate the process, whereas Figure 4 shows the optimal solution obtained using the HEN-ORC model. Table 3 presents the energy consumptions of heating, cooling, and auxiliary equipment, the number of exchangers, the transferred total heat within the HEN, the transferred heat to the ORC, and the produced power for the different scenarios with and without energy integration.
Reductions should be noted in the consumption of utilities in the separation sequences with the SYNHEAT model, specifically in the hot utility of 7.03, 11.67, and 11.72% for the DWC, CED, and SVS columns, respectively. These percentages are slightly higher than the ones obtained with the HEN-ORC model. However, the HEN-ORC model presents a major saving for the auxiliary equipment with 81.28, 89.74, and 89.63% for the DWC, CED, and SVS sequences, respectively (for the SYNHEAT model there are 55.18% DWC, 72.31% CED, and 72.4% SVS energy savings for auxiliary equipment (AE)). Then, although the total capital cost for the HEN-ORC solution is higher due to the ORC incorporated into the ethanol process, this obtains incomes for sales of electric power for all of the sequences (U.S.$14561/year for DWC, U.S.$11285/year for CED, and U.S.$10630/year for SVS) and reduces the total operating cost by 6.86, 11.55, and 11.6% for DWC, CED, and SVS, respectively. These profits generate total annual costs that are 6.86, 11.55, and 11.6% lower than the WEIS solution and 0.4, 0.53, and 0.44% lower than the one incorporated into the SYNHEAT model for the DWC, CED, and SVS sequences, respectively. Finally, the incorporation of the ORC to the bioethanol separation process generates a return on investment of 107.54, 103.21, and 102.1% for the sequences DWC, CED, and SVS, respectively. Note that the cost for the ORC considers cooling, pumping, cooler, evaporators, pump, regenerator, and turbine. Table 4 shows the associated costs for example 1. Example 2. The following schemes are considered for this example: conventional separation sequences based on distillation columns (CSS), hybrid configuration based on liquid−liquid extraction and extractive distillation (OSS), conventional separation sequence for purification of ethanol with mass and energy integration (CSS-EI), and hybrid configuration based on liquid−liquid extraction and extractive distillation with mass and energy integration (OSS-EI). The two last cases use the SYNHEAT model. 26 All of the designs are for purification of ethanol, and each ethanol process is applied to the HEN-ORC model. Figure 5 shows the WEIS solution for the sequence CSS, whereas Figure 6 presents the optimal solution using the HEN-ORC model.
For the CSS scheme, the HEN-ORC model yields the following energy savings: 8.29, 14.51, 16.32, and 10.16% for heating and 82.76, 82.93, 80.73, and 84.39% for the auxiliary equipment with respect to sequences I, II, III, and IV, respectively. Moreover, there are reductions by 4.71% for sequence II, 8.92% for sequence III, and 6.38% for sequence IV in cooling utility (considering the cooling water for the ORC). This solution recovers waste heat producing 34, 45, 24.3, and 107.9 kW of electricity for the configurations CSS I, II, III, and IV, respectively. The return on investment for the ORC is 111, 115, 105, and 134% for sequences I, II, III, and IV, respectively. The electric power produced generates profits between U.S. $18094/year and U.S.$56148/year, yielding a total annual cost of 8.52% (I), 14.77% (II), 16 .28% (III), and 11.05% (IV) lower than the WEIS solution.
For the hybrid configuration ( energy consumptions with and without energy integration by the HEN-ORC model for sequences CSS and OSS, and Table 6 shows the associated costs for both sequences.
Figures 9 and 11 present the CSS-EI and OSS-EI sequences, respectively, which incorporate mass and energy integration without considering the ORC. These show significant I  II  III  IV  I  II  III  IV   WEIS (kW)  heating  5270  4540  2150  13000  6180  4320  26300  15200  cooling  4020  3180  1120  4700  5030  3400  18400  9400  auxiliary equipment  820  990  520  2100  520  390  2500 reductions in the associated cost with respect to the WEIS sequences; therefore, the HEN-ORC approach is applied to yield additional energy savings. Figures 10 and 12 show the optimal configuration of the previous optimized designs (CSS-EI and OSS-EI), where the HEN-ORC model is applied to yield the following additional energy savings. Note that the solution of Figure 10 presents the highest heating utility consumption (0.13% for sequence I, 0.25% for sequence II, and 0.27% for sequence III) and contains the greatest number of heat exchangers, but this solution has energy savings for cooling utility between 0.59 and 1.71% and for the auxiliary equipment between 59.68 and 74.72%. Moreover, the design obtained produces electric power of 29.2, 46.2, 24.5, and 109.7 kW for CSS-EI I, II, III, and IV, respectively; therefore, the incomes produced are between U.S.$2964/year and U.S.$10600/year. The return on investment for the ORC is 108, 117, 105, and 135% for sequences I, II, III, and IV, respectively. The total annual costs obtained are 0.52, 1.30, 1.34, and 6.9% lower than the solutions when the SYNHEAT model is used (Figure 9 ).
The solutions of Figure 12 show energy savings for heating (4.31% for sequence II and 0.14% for sequences III), cooling (14.05% for sequence I and 9.02% for sequence II), and the auxiliary equipment (68.08% for sequence I, 82.07% for sequence II, 68.58% for sequence III, and 64.13% for sequence IV). The return on investment for the ORC is 157, 134, 134, and 120% for sequences I, II, III, and IV, respectively. The produced electric power is 129.1 kW for sequence I, 61.5 kW for sequence II, 119.1 kW for sequence III, and 59.6 kW for sequence IV. The achieved revenues are between U.S.$6312/ year and U.S.$12176/year, yielding total annual separation costs 2.98, 7.15, 0.96, and 0.46% lower than the solutions that consider the SYNHEAT model. Table 7 presents the energy  consumptions for the sequences CSS-EI and OSS-EI, and  Table 8 shows the associated costs for both sequences. It should be noticed that the areas in the solutions of the HEN-ORC model are greater than the ones of the solutions by the WEIS solution and the one that considers the SYNHEAT model; nevertheless, the solutions by the HEN-ORC model present total annual separation costs lower and this last one generates electric power from the waste heat of the process.
■ CONCLUSIONS
In this paper has been presented one option to reduce the energy requirements in the bioethanol separation process to yield biogasoline. In this case, the possible energy integration through the simultaneous synthesis of HEN integrated to an ORC has been considered. This integrated scheme improves the energy recovery process because this considers simultaneously the energy integration between process streams, and at the same time this includes the possible recovery of waste heat at low temperature to produce electric power. The proposed integrated scheme was applied to several bioethanol separation processes, and the results have shown that the proposed integrated HEN-ORC scheme produces significant reductions in the required utilities, which improves the overall energy efficiency. Furthermore, the electric power produced from the waste heat recovered is significant, and this reduces significantly the total bioethanol separation cost due to the sale of the electric power produced. Finally, there is required a study for the dynamic behavior of the integrated system to determine the controllability and operability of the system. 
